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This paper explores how the surface permeability of sandstone blocks changes over time in response to
repeated salt weathering cycles. Surface permeability controls the amount of moisture and dissolved salt that
can penetrate in and facilitate decay. Connected pores permit the movement of moisture (and hence soluble
salts) into the stone interior, and where areas are more or less permeable soluble salts may migrate along
preferred pathways at differential rates. Previous research has shown that salts can accumulate in the near-
surface zone and lead to partial pore blocking which inﬂuences subsequent moisture ingress and causes rapid
salt accumulation in the near-surface zone.
Two parallel salt weathering simulations were carried out on blocks of Peakmoor Sandstone of different
volumes. Blocks were removed from simulations after 2, 5, 10, 20 and 60 cycles. Permeability measurements
were taken for these blocks at a resolution of 20 mm, providing a grid of 100 permeability values for each
surface. The geostatistical technique of ordinary kriging was applied to the data to produce a smoothed
interpolation of permeability for these surfaces, and hence improve understanding of the evolution of
permeability over time in response to repeated salt weathering cycles.
Results illustrate the different responses of the sandstone blocks of different volumes to repeated salt
weathering cycles. In both cases, after an initial subtle decline in the permeability (reﬂecting pore blocking),
the permeability starts to increase — reﬂected in a rise in mean, maximum and minimum values. However,
between 10 and 20 cycles, there is a jump in the mean and range permeability of the group A block surfaces
coinciding with the onset of meaningful debris release. After 60 cycles, the range of permeability in the group
A block surface had increased markedly, suggesting the development of a secondary permeability. The
concept of dynamic instability and divergent behaviour is applied at the scale of a single block surface, with
initial small-scale differences across a surface having larger scale consequences as weathering progresses.
After cycle 10, group B blocks show a much smaller increase in mean permeability, and the range stays
relatively steady— this may be explained by the capillary conditions set up by the smaller volume of the stone,
allowing salts to migrate to the ‘back’ of the blocks and effectively relieving stress at the ‘front’ face.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction
Moisture ingress and migration into stone is perhaps the most
crucial control on the nature and severity of decay processes
(Snethlage and Wendler, 1997; Turkington et al., 2002). Without
moisture there would be no salt weathering (Sawdy et al., 2008), one
of the most ubiquitous stone decay processes in desert, urban and
coastal environments. Much effort has gone into investigating how
stone characteristics control moisture ingress and hence stone
response to salt weathering (e.g. Laue et al., 1996; McGreevy, 1996;
Goudie, 1999; Warke and Smith, 2000; Nicholson, 2001; Prikryl and
Dudkova, 2002; Inkpen et al., 2004).
One important property that inﬂuences moisture and soluble salt
ingress is permeability — the connectedness of pore spaces within
stone (in isolation, permeability measurements do not provide
information on pore size). Surface permeability controls the amount
of moisture and dissolved salts that can penetrate in and facilitate
decay — connected pores permit the movement of moisture into the
stone interior, and where areas are more or less permeable soluble
salts may migrate along preferred pathways at differential rates. In
reality the relationship between pores, permeability and moisture
ingress is very complex — capillary action will drive moisture ingress
into stone, whichmaymean that areas with larger poresmay not be as
effective in transporting moisture as smaller, connected, pore areas
that provide a stronger suction.
Permeability depends on the shape of pores and pore throats, as
well as properties of the solution (McKinley and Warke, 2007).
Previous research has shown that the spatial patterns of permeability
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through blocks imply that there are pockets of grains that are more or
less tightly packed or cemented to different degrees (absolute
homogeneity is never to be expected in a sedimentary rock), which
may lead to greater or lesser permeability values (McKinley et al.,
2008). The spatial variability of permeability values in previous
studies, even on sandstones that appear ‘homogenous’ to the unaided
eye, has pointed toward the potential for using permeability
measurement in combination with predictive geostatistics (estimat-
ing values between measured sites) to help understand how surfaces
change asweathering progresses in the complex sequence from ‘fresh’
to ‘failed’ (Carey and Curran, 2000; McKinley et al., 2006a, 2008;
Warke et al., 2006; McKinley andWarke, 2007;McKinley andMcCabe,
2010). The stone decay system is inherently complex (Smith, 1996),
and these very small-scale differences across a surface may eventually
have larger scale consequences as weathering progresses— especially
where variation is greater to begin with, for example, in stones
composed of immature, poorly sorted, sediments. The concept of
dynamical instability has been used to describe and characterise earth
surface systems (Turkington and Philips, 2004). In this context, small-
scale anomalies can lead to larger scale effects and divergent
behaviours — “highly localized initial variations (even quite minor
variations) in weathering resistance… tend to become ampliﬁed over
time in a process of unstable divergence” (Turkington and Philips,
2004: 667). The concept of increasing divergence over time has been
applied previously in a building context at the scale of façade decay,
helping to explain why single, spatially isolated, blocks may retreat on
a generally stable façade, based on speciﬁc rock properties and
inherited weakness from complex histories (Turkington and Smith,
2004; McCabe et al., 2010). The present research seeks to investigate
the application of this concept at the scale of a single block, towards an
explanation of why certain concentrated areas of a block surface may
suffer more severe decay than others — dynamical instability is seen
in the surface permeability characteristics over time in response to
salt accumulation and weathering cycles, and how may that inform
understanding of how weathering progresses on the surface of a
sandstone?
Crucially, McKinley and Warke (2007) highlighted that, although
controls on ‘fresh’ permeability can be inherited from initial
conditions of deposition and diagenesis, permeability characteristics
will be modiﬁed over time as weathering takes place. A key to
understanding this modiﬁcation is the episodic/cyclical relationship
between surface loss (by granular disaggregation) and the build up to
it during salt accumulation — pores and pore throats in the near-
surface zone must become blocked with salt crystals as pressure
accumulates, leading to debris release when grain-boundary strength
thresholds are breached. Many models applied to understanding salt
movement in porous building stones are based on diffusion–
advection equations (Pel et al., 2000). These two processes have
competing effects: advection favours the migration of ions to the
surface upon drying, creating an accumulation of salts on or just
beneath the surface, whereas diffusion tends to equilibrate the
concentration of salts throughout the stone, tending to generate an
even proﬁle of salt distribution through the stone interior. In any
single drying cycle, advection to the surface will take place and
continue until the saturation value is reached in the surface zone (and
efﬂorescences begin to form). After this level is reached, the process of
diffusion would eventually tend to equilibrate the concentration of
salts throughout the block (Bear and Bachmat, 1990; Pel et al., 2000).
McCabe et al. (2008) investigated the initial stages of salt accumu-
lation in building sandstones and demonstrated that salts quickly
begin to concentrate in the near-surface zone (advection begins to
dominate), limiting ingress into the block subsurface (and trapping
salt that has previously been absorbed in the interior). When pressure
from accumulated salt crystals in the near-surface zone exceeds the
grain-boundary strength, debris release occurs (of rock material and
salts), freeing some surface pore space to be ﬁlled again in the build up
to further debris release. Because of initial variations in permeability,
this cyclical process may be spatially variable across the surface of a
block (with different areas at different stages of the cycle).
With previous work illustrating the value of permeability
investigations, the aim of this paper is to begin to realize this
potential more fully by monitoring the evolution of the surface
permeability of sandstone in response to repeated salt weathering
cycles, as the accumulation of salts in the near-surface zone alters the
surface over time. The paper uses the permeability data along with
geostatistical techniques (for the ﬁrst time) to quantify surface change
and to build on a large body of work on salt weathering (cited in the
Introduction, see also Smith et al., 2005; Turkington and Paradise,
2005, for a historical perspective on the development of the subject).
2. Methods
2.1. Material
Peakmoor Sandstone is a Carboniferous building sandstone used
extensively for construction and restoration in the UK and beyond —
summary characteristics can be seen in Table 1. McKinley et al. (2008)
have illustrated the variability of permeability characteristics in this
sandstone over even a single block surface that, to the eye, looks
relatively homogenous. Therefore the range of permeability values is
given, rather than a mean value. Blocks were varnished on 4 sides,
leaving 2 opposite exposed faces (‘front’ and ‘back’). This sealing of
the sides limits moisture ingress to the exposed ‘front’ face
(simulating building façade conditions). Blocks were also surrounded
by polystyrene to insulate them (simulating mortar joints), attempt-
ing to also limit temperature effects to the exposed faces. This sealing
and insulation is an attempt to minimise edge effects (Smith et al.,
2005). Blocks were cut for two parallel salt weathering simulation
experiments — dimensions of blocks in group A were 200 mm×
200 mm×200 mm, while dimensions of blocks in group B were
200 mm×200 mm×50 mm. Each group contained 5 blocks. This
allowed the investigation of different capillary conditions — group A,
where ingress is controlled by advection and diffusion through one face;
and groupB,where ingress is controlled by advection through two faces.
The size of the sandstone blocks is larger than previous weathering
experiments (e.g. McKinley et al., 2006a,b; Warke et al., 2006),
attempting to get closer to the reality of building blocks and also to
facilitate 100 permeability measurements per face.
2.2. Weathering regime
The weathering regime was chosen to be comparable to previous
studies (Warke et al., 2006; McCabe et al., 2007a; Gomez-Heras et al.,
2008; Smith et al., 2008) in temperature ranges and salts used. The
temperature cycled between 10 °C and 40 °C (6 h out of each 24-hour
cycle spent at 40 °C). This is a realistic rock-surface temperature in a
temperate summer. A salt solution (10% solution of equal parts NaCl
and MgSO4) was applied to the exposed surface of blocks at the
Table 1
Summary characteristics for Peakmoor Sandstone.
Characteristics Peakmoor Sandstone
Colour Buff
Porosity 16.46%
Permeability range (fresh surface) 52 mD–132 mD
Saturation coefﬁcient 0.68
Water absorption capacity 5.07% (by weight)
Compressive strength 2210 kg/m3
Sodium sulphate crystallization test 1.07% mean weight loss
General description Carboniferous medium–coarse
grained (N300 μm) quartz-rich sandstone.
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beginning of each cycle (to simulate façade wetting by driven rain),
before the temperature increase. These salts were chosen because
they are common in urban and coastal locations, and allow
comparisonwith previous work. This saline solution ingress simulates
the ingress of environmentally deposited salts (or salt already in
blocks) into building stone by rain. Different blocks were removed
from the simulation after 2, 5, 10, 20 and 60 cycles (and allowed to
dry) for permeability analysis. Debris was collected from the blocks of
each group that stayed in the simulation for the full 60 cycles by
brushing the surface lightly with a soft brush after every 5 cycles to
monitor weight loss over the period of the experimental run. While
brushing is not a perfect representation of reality, there must be some
method of debris removal from the horizontal surfaces — the
experiment is designed to simulate vertical surfaces where debris is
removed by gravity, wind and biological agents.
2.3. Permeability analysis
Permeability measurements were taken using an unsteady-state
portable air probe permeameter (PPP 250TM, Core Laboratories
Instruments Operators Manual 2001) — a detailed description of its
use can be found in McKinley et al. (2006a). Unsteady-state
permeametry measures the decay of pressurized air being forced
into a rock surface from a probe. The higher the permeability of the
sample, the faster the pressure will decay. Software linked to the
probe calculates the decay of pressure over time, giving a value for
permeability in millidarcies (mD). The principle of pressure–decay
measurements is detailed in Jones (1992). The probe-permeameter
technique generates a single permeability measurement for each
point. The effective penetration depth of the probe permeameter has
been calculated in previous studies to be within a range of 2.2 to 4
times the aperture radius (e.g. Goggin et al., 1986; 1988; Jensen et al.,
1994; Tidwell andWilson, 1999). The PPP250 has an aperture of 8 mm
producing an approximate effective penetration depth and thus
volume of stone analysed at each ‘point’ between 17.6 mm3 and
32 mm3. Theareaof eachexposed stone surfacewas200 mm×200 mm,
with PPP measurements taken every 20 mm providing a grid of 100
permeability values. The grid schemewas designed to provide sufﬁcient
data for geostatistical analysis given the block dimensions and the
effective penetration of gas from the probe permeameter (McKinley
et al., 2006a).
2.4. Geostatistics
This research uses a combination of geostatistics and Geographical
Information Systems (GIS) to characterise permeability over a surface.
Geostatistical techniques, comprising variography and spatial predic-
tion, provide the opportunity to identify and analyse decay processes
and pathways and thus facilitate the prediction and modelling of the
dynamics of stone decay, based on an understanding of the spatial
variability of a measurement (in this case, permeability) that is related
to decay. The use of variography using Gstat (Pebesma and Wesseling,
1998) and the coefﬁcients of the modelled variograms for spatial
prediction (kriging) enable 2-D mapping of the rock permeability
characteristics at different stages during saltweathering simulation. The
geostatistical analysis in this study involved several steps. An examina-
tion of aspatial statistics enables the identiﬁcation of outliers and the
need for transformation of non-normally distributed data for further
geostatistical analysis. The identiﬁcation of outliers is an important
indicator of experimental error or an indication of anomalous areas that
may signiﬁcantly alter the rate and nature of breakdown of the stone.
Small-scale surface anomalies may ultimately have larger scale effects
(the concept of dynamical instability and divergent behavour).
Estimation of the variogram, a core tool in geostatistical analysis is
undertaken to investigate the spatial variation of permeability at the
scale of investigation and to quantify the correlation distance or ‘sphere
of inﬂuence’ of trigger factors such as permeability. This may reveal
areas of high permeability, which may indicate permeable pathways
that allow the penetration of moisture and salts. A mathematical model
was ﬁtted to the experimental variograms using the weighted least
squares functionality of Gstat. Kerry and Oliver (2007) show that
asymmetry in the statistical distribution has an increasing effect in the
formof the variogramas the size of the dataset decreases conﬁrming the
recommendation of Webster and Oliver (1992) that 100 data are a
minimum for computing a reliable variogram byMatheron's estimator.
The coefﬁcients of themodel were used for spatial prediction (kriging).
Kriging involves interpolation between gridmeasurement locations.
Ordinary kriging (OK), which allows the mean of the measurements to
vary spatially, was used in this study. A measure of uncertainty in the
estimateswasgivenby thekrigingvariance. Permeability characteristics
of surfaces are estimated by kriging and used to provide 2-Dmapping of
the permeability measurements. This aims to provide enhanced
understanding of the relationship between dynamic data (salt move-
ment and accumulation) and the establishment of positive feedback
conditions that lead to debris release. ArcGIS was used to provide a
visual assessmentof thepermeability variabilityof theblock faces.High-
permeability zones may indicate the presence of clay lenses, effective
pathways of less tightly packed grains, or areas that are less well
cemented, allowing the pervasive penetration of moisture and salts.
3. Results
Fig. 1 shows the block face, histogram and kriged permeability
map for the fresh Peakmoor surface. Fig. 2 shows the surfaces of blocks
from groups A and B. Figs. 3 and 4 display the permeability histograms
and modelled variograms of permeability data after 2, 10, 20 and
60 cycles for sandstone blocks in groups A and B. Figs. 5 and 6 show
kriged surface permeability maps after 2, 10, 20 and 60 cycles for
sandstone blocks in groups A and B, respectively. Fig. 7 shows weight
loss events over the experimental run for the blocks, in each group,
that experienced 60 cycles. Fig. 8(A and B) illustrates the progression
of mean and range over time for blocks in groups A and B.
3.1. Aspatial statistics
Permeability for the fresh Peakmoor Sandstone ranges from
52.5 mD to 132 mD with a mean of 73 mD (Fig. 1). A slight positive
skewness indicates a large proportion of permeabilities close to the
mean value with limited high permeabilities (N100 mD). With
increasing numbers of simulated salt weathering cycles the positive
skew observed for the rock increases in intensity until 5 cycles with a
larger proportion of lower permeabilities values evident (mean
permeability for group A after 5 cycles is 49.74 mD and the minimum
value is 29.60 compared to a minimum permeability of 52.5 mD
recorded for the fresh rock). This decrease in permeability is not as
obvious for group B although a positive skewness is evident in the
permeability histograms up to 10 cycles for group B. For group A, a
change in permeability distribution is apparent after 10 salt cycles.
Maximum permeabilities increase with 260 mD and 625 mD recorded
after 20 cycles and 60 cycles respectively. A strongly negative skew is
noticeable after 20 cycles for group A with a high proportion of
recorded permeabilities exceeding 140 mD. After 60 cycles mean
permeability remains high (149.5 mD) with a small proportion of
extreme permeability values (N 360 mD). Group B does not record the
same extreme values as group A but the histograms do reﬂect an
increase in maximum permeabilities (168–182 mD).
3.2. Variography
Variography analysis of permeability data from fresh, 2, 10, 20 and
60 cycles for the sandstone blocks (groups A and B) enables the
identiﬁcation and quantiﬁcation of spatial variability in permeability.
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Following the identiﬁcation of non-normality in the permeability data
a normal score transform was applied to the data. The coefﬁcients for
the modelled variograms, the nugget variance (c0), the sill (c0+c),
the sill variance of the spatially dependent component (c) and the
range (a) are provided in Fig. 1 (fresh surface) and Fig. 4 (groups A
and B). The coefﬁcients of these models were used for spatial
prediction (kriging) — crucial for geostatistical validity. At the scale
of investigation, themodels of the variogram indicate spatial variation
in permeability values for the fresh- and salt-weathered surfaces after
2, 10, 20 and 60 cycles. The nugget:sill ratio ranges (c0:c0+c, cited on
the ﬁgures) suggest a degree of measurement error but also spatial
variability in permeability related to pore conﬁguration and connec-
tivity at a resolution ﬁner than the scale of investigation (10 to
20 mm). The modelled variogram ranges indicate variable spheres of
inﬂuence or correlation distances from approximately 20 mm to
99.5 mm for group A and 28 mm to 219 mm for group B (i.e.
permeability is variable over the entire extent of the surface,
200 mm). A change can be observed in the degree of spatial structure
recorded by the modelled variograms with increasing salt cycles. For
group A, a high nugget to sill ratio is observed for 2–5 cycles, for group
B this is observed for only 2 cycles, and is similar to that modelled for
the fresh rock surface (Fig. 1). After 10 cycles group A indicates a ﬁne
scale spatial structure in permeability data has been created on the
block surface, this occurs for group B after just 5 cycles. This can be
interpreted as a higher degree of continuity of permeability values for
these surfaces than was observed for the fresh block surface. This
strongly suggests that the simulated salt weathering cycles (after
10 cycles for group A and 5 cycles for group B) has created this
continuity in permeabilities. This ﬁne scale spatial dependency in
permeabilities continues for up to 20 cycles for group A after which
high variability in the permeability data is again observed. Group B
recorded a very low nugget to sill ratio after 5 cycles after which
spatial dependency breaks down until 20 cycles when a ﬁne scale
spatial structure is once again established.
3.3. Spatial prediction (kriging)
Following back transformation of the permeability data, kriging
provides 2-D mapping of the permeability measurements. Kriging
predictions are weighted moving averages of the data (Deutsch and
Journel, 1998). As stated, ordinary kriging (OK) allows themean of the
measurements to vary spatially, resulting in a smoothed interpolation
of permeability. For OK, a neighbourhood of 12 observationswas used.
ArcGIS has been used to represent the mapped interpolations of
permeability. The use of contours in the kriged outputs in GIS enables
greater visualization of the changes in permeability of the sandstone
during the weathering simulations. OK derived permeability ﬁelds are
given in Figs. 5 and 6 after 2, 10, 20 and 60 cycles for sandstone blocks
Fig. 1. The block face, histogram and kriged permeability map for the fresh Peakmoor surface.
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in groups A and B, respectively. The kriged maps indicate spatial
variability in permeability values and zones of higher and lower
permeabilities for the fresh sandstone blocks and after 2, 10, 20 and
60 cycles for sandstone blocks, with the range of values increasing in
later stages of the experimental run (especially in the case of group A
blocks).
4. Discussion
Generally speaking, the results illustrate the different responses of
sandstone blocks of different volumes (groups A and B) to repeated
salt weathering cycles. The two types behave similarly for the ﬁrst 5 to
10 cycles – after an initial subtle decline in permeability (reﬂecting
pore blocking at the surface, seen especially in group B) over the ﬁrst
5 cycles, the permeability starts to increase – reﬂected in a rise in
mean, maximum and minimum values. After this initial stage, the
surface permeability characteristics of blocks in groups A and B begin
to behave in different ways.
4.1. Group ‘A’ blocks
Between cycles 10 and 20, there is a jump in the mean permeability
(from 75.6 mD after 10 cycles to 141.8 mD after 20 cycles) coinciding
with the onset of meaningful debris release — see graph of individual
weight loss events (recorded every 5 cycles over the experimental run),
Fig. 7. The rate ofweight loss increases after 10 cycles, and the result can
be seen in ‘patchy’, or ‘spotty’, areas of higher permeability appearing in
the kriged map of permeability after 10–20 cycles (Fig. 5). By 60 cycles,
the range of permeability values over the surface has increased
markedly (over 7 times larger than the original range of permeability).
In the case of group A blocks, it is likely that salts move into the
block via moisture transport by capillary action and are then drawn
back to the same surface upon drying. When drying occurs, advection
causes salt to close off pores at the surface, inhibiting salt penetration
in subsequent cycles— this effectively sets up a positive feedback loop
leading to accumulating pressure at the surface and debris release. As
salts accumulate and are not fully mobilized during subsequent
wetting, they increasingly act as pore-ﬁllers (Smith et al., 2002). This
reduces inﬁltration and encourages salt to concentrate in the surface
and near-surface zones — and leads to disaggregation. However, as
material is released, areas of higher permeability are uncovered (see
Fig. 5, illustrating the ‘spottiness’ of high-permeability areas in cycles
10–60). This may facilitate slightly deeper wetting into the subsurface
in these areas, continuing the progression of decay.
This is supported by aspatial statistics as shown in the histogram
distributions. As said in the Introduction, although initial permeability
is determined by conditions of deposition and diagenesis, the
evolution of surface permeability is controlled by subsequent
weathering processes (McKinley and Warke, 2007). In this context,
salt accumulation (and subsequent weathering) becomes the major
controlling factor on how permeability is modiﬁed over time. Because
salt weathering is a threshold phenomenon (Goudie and Viles, 1997;
Viles, 2005a), the jump in permeability characteristics is evident
when debris release is seen (see change in the shape of histograms for
the group A blocks, Fig. 3, cycle 10 and 20). At the point where salt
accumulation stops ﬁlling up pores and starts exerting enough
pressure to cause the disaggregation of grains, the proportion of
higher permeability values increases as evidenced by a negative skew
in the histogram distributions. Looking at the histograms for the
group A blocks, a progression from a ‘fresh’ to a ‘failed’ distribution
(especially cycle 20) may be suggested. The histogram for cycle 60
looks slightly different because the range of permeability values has
increased so dramatically — the highest value in the 20-cycle
histogram is 260 mD, compared to 625 mD after 60 cycles. Note the
photograph of this surface (Fig. 2), where debris release has begun to
create a micro-topography that will impact on permeability char-
acteristics. Interestingly, however, low permeability values are still
present at this late stage of the experimental run, conﬁrming that
pores are still being partially blocked by salts in the lead up to further
debris release.
4.2. Group ‘B’ blocks
Contrasting with the behaviour of the group A blocks, between
cycles 10 and 20 the increase in the mean permeability in group ‘B’ is
much smaller (from 81.7 mD after 10 cycles to 98.6 mD after
20 cycles), and the range and distribution of the data stays relatively
steady throughout the experimental run (see histograms, Fig. 3). The
reason for this is the thickness of the stone (50 mm). The material is
thin enough to allow the salt to migrate to both faces upon drying
(whereas the ‘front’ face is the only option for salts in the group A
Fig. 2. The rock surfaces of block groups A and B.
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blocks). Pores are likely to have become blocked on the ‘front’ face, but
debris release was not triggered to the same extent (see weight loss
graph, Fig. 7) because there was an ‘escape route’ for salt to the ‘back’
face of the block —salts were migrating and efﬂorescing at the ‘back’
face. The authors infer from that data that the volume of stone is a
determining factor in the suppression of weight loss (the same surface
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area is exposed as in group A). Because of this, group B samples do not
show the same type of ‘failed’ histogram distribution as the full blocks,
with only a gradually lengthening tail to higher values (the maximum
recorded permeability value over the run is 182 mD after 20 cycles).
The fact that the group ‘B’ samples did not exhibit the same debris
release response does not preclude future rapid decay. An added
decay issue in the case of the smaller volume of stone is that, with salts
quickly crystallizing at the back of the samples, rapid decay could
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occur from both faces, which could dramatically curtail the service life
of the stone in a construction context (especially applicable if thinner
pieces of stone are used to clad a building).
4.3. Implications
4.3.1. Salt accumulation
The subtle decline in permeability is immediate in both cases,
suggesting that pore connectivity can become altered very quickly in
response to salt accumulation — to impact permeability, only pore
throats need become clogged. This is supported by recent work by
McCabe et al. (2008), and especially by Smith et al. (2008), who
monitored limestone response to salt weathering using high
deﬁnition laser scanning, showing that free space in the stone
(essentially, the surface pores) below an artiﬁcial datum parallel to
the stone surface decreased sharply over the ﬁrst 10 cycles before
increasing again due to debris release.
4.3.2. Spatially concentrated decay
The use of spatial statistics and OK prediction maps (Figs. 5 and 6)
to show permeability gives a spatial dimension to the study— it can be
seen that surface permeability values vary spatially. As the experi-
mental run progresses, higher permeability values occur in ‘patches’
or ‘spots’ that are likely to have developed from variations in the
original permeability of the stone when fresh (see cycles 10, 20, 60 for
group A, and cycles 20 and 60 for group B). The increasing range of
permeability values over time in the block surfaces (Fig. 8A and B)
suggests that initial variations in permeability are exploited by salt
weathering and increasingly divergent permeability characteristics
and behaviour (higher permeability/more connected pore areas
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sucking in larger amounts of salt solution to greater depth) across a
single face may be the result. This relates to the earlier mention of
heterogeneous pockets (pockets of more or less tightly packed grains,
or more or less well cemented grains, indicated by permeability
measurements) — spatially organized ‘cells’ of higher permeability
(see also Smith et al., 2008), linked to spatial variability of decay
across a single block face. This may contribute to the debate on the
formation and development of alveoli (Turkington and Philips, 2004;
Viles, 2005b), or any spatially concentrated surface retreat, in that, in
response to salt weathering, any heterogeneity may be exaggerated
and exploited over time leading to differential weathering and
spatially concentrated debris release on a block surface. The present
research demonstrates that the concept of dynamical instability may
be applied at the scale of a single block, towards explaining why
certain concentrated areas of a block face may suffer more severe
decay than others — dynamical instability is seen in the increasing
range of permeability values over the experimental run, and the
‘spottiness’ of higher permeability areas developing as regular
weathering cycles progress. In light of this, an interesting question
might be, is this ‘spottiness’ of surface permeability permanent, or
could it be washed away by a large incidence of moisture (an intense
or extended rainfall event), if (as in the real world) every cycle is not
uniform/regular? It is likely that a large amount of moisture moving
through the system would alter the characteristics markedly
(although it would be expected that salts washed into a block
would be largely drawn back toward the surface upon drying, perhaps
reconﬁguring the permeability characteristics). On sheltered areas of
a façade or rock outcrop, it might be expected that changes to
permeability resulting from the accumulation of salts are more
permanent than on areas exposed to rainwash. However, by cycle 60
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Fig. 6. Kriged surface permeability maps after 2, 10, 20 and 60 cycles for sandstone blocks in groups B.
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of the simulation, the group A block exhibited a clear micro-
topography as a result of debris release due to salt weathering —
this alteration of the surface is clearly not reversible and will have a
lasting impact on permeability characteristics and subsequent
moisture/ingress.
4.3.3. Use of geostatistics
Permeability and geostatistics have not been used to map the
different stages of weathering on surfaces before now. This paper has
demonstrated the potential to advance understanding in weathering
through such work. The paper has dealt with the evolution of
permeability values over time in response to the ‘background
environmental’ process of salt weathering. However, the introduction
of more extreme weathering events (for example, ﬁre) can impact
permeability characteristics in a much more dramatic way (see
McCabe et al., 2007b), and the application of geostatistics to bring
greater understanding to this area of study is planned.
5. Conclusions
The concept of dynamical instability, that initial small scale,
localized, variability may result in larger scale effects as weathering
progresses (a “process of unstable divergence” Turkington and Philips,
2004: 667) can be applied across a range of scales — from earth
surface systems and landscape characterisation, to façades where
individual blocks exhibit divergent behaviour over time. The current
research demonstrates that the concept may also describe system
behaviour, in this case surface permeability evolution, at the scale of a
single block. Key conclusions of the work are as follows:
• Although controls on initial permeability are inherited from
depositional conditions and diagenesis, permeability characteristics
are modiﬁed over time as weathering progresses.
• Surface pores can block very quickly in response to salt weathering
(only pore throats need to block to inhibit subsequent ingress).
• The permeability of blocks in groups A and B progress differently in
response to repeated salt weathering cycles; in group A, salts are
drawn back to the ‘front’ surface by drying and pore blocking by
salts leads to accumulated pressure and debris release; in group B,
debris release is suppressed because salts are drawn to the ‘back’
face by drying. This does not preclude rapid future decay of group B
type blocks, with salt decay occurring on both faces.
• Permeability measurements and variography illustrate that spatial
similarity in permeability is observed at several ranges (from
20 mm to 200 mm) over the limited scale of investigation possible
from the dimensions of the sandstone block.
• There is a ﬁne scale spatial similarity in permeability up to 20 cycles
for group A after which high variability in the permeability data is
observed. Group B shows ﬁne scale spatial similarity in permeability
after 5 cycles after which continuity in permeability values breaks
down until 20 cycles when ﬁne scale spatial similarity is once again
established.
• The increasing range of permeability values over time in the group A
surfaces, coupled with the spatial concentration/‘spottiness’ of high-
permeability areas in later cycles, suggests that initial variations in
permeability are exploited by weathering and increasingly diver-
gent permeability characteristics and behaviour across a single face
may be the result — the concept of dynamical instability, which has
been applied at the scales of landforms and building façades, may
also be applied to surface permeability characteristics across a single
block face in response to salt weathering.
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